We report the transition moments between the excited states of molecular nitrogen including their dependence on internuclear distance. These moments are calculated using the equations of motion method and can be obtained with only a slight increase in the effort needed to obtain the ground to excited state transition moments. The transition moments along with reliable vibrational wavefunctions should be useful in the analysis of observed band intensities of N 2 •
I. INTRODUCTION
Recently we have derived expressions for the transition moment between excited states which are consistent with the approximations and assumptions normally used to obtain transition moments between the ground and excited states in the equations of motion method. 1 This can be a useful result since the method has already been shown to yield reliable transition moments between the ground and excited states of molecules. 2 Excited stateexcited state transition moments are needed in the analy· sis of several systems. For example, the first positive band of N 2 (B 3n,. -A 3:E~) gives one of the major contributions to the radiation from hot air in the visible and near infrared at temperatures up to 10 4 K and is a strong emitter in auroral displays. Excited state-excited state electronic transition moments and their dependencE on internuclear distance are needed to explain and predict these band intensities. Transition moments between excited states can also be important in the modeling of gas phase layers, e. g., the C 3n u -B2n,. lasing transition in N 2 • In this paper we report transition moments and their dependence on internuclear distance for a large number of transitions between excited states of N 2 • These include the following band systems: B 3n,. Tables I and II. II. THEORY
In the equations-of-motion (EOM) method as well as in several many-body methods, e. g., in the theory of Green's functions, one calculates relative quantities such as transition energies and densities directly. The transition energies and transition densities are sufficient to evaluate the physically significant matrix elements of interest in spectroscopy. For example, the matrix element of a one-particle operator M between the ground state 10) and an excited state I x) can be written where the one-particle transition density is given by POA(r', r)=(Oj p(r', r)jx). (2) In Eq. (2), p(r', r) is the one-particle density operator p(r' , r) = $~(r')$(r) (3) in second quantized form with Iji+(r) and Iji(r) the field operators, e. g., (4) where ¢~(r) and a; are the single-particle states and creation operators, respectively. In Eq. (2) the operator M acts on POA(r', r) before integration. In the EOM method 1 the transition density is defined by the ampli- In Eq. (5) O~ is the excitation operator defined such that
If the operator O~ is restricted to single particle-hole form, i. e., (-~* -!*) \z~~D =Wo~(~ ~) (!~~D·
The equation of motion, Eq. (7), can be solved straightforwardly for the excitation energies wo~ and the amplitudes Y(A) and Z(A). The method has been shown to yield accurate dipole transition moments out of the ground state.
In Ref. 1 we showed how excited state-excited state transition moments could be obtained directly from the set of ground state-excited state transition densities {PoJ derived from Eqs. (7) and (5). The details have been given previouslyl and here we will only discuss these results briefly. The basic procedure is to exploit the formal properties of the excitation operators O~l'
. O~j 1 0) = 1 Ai) and O~ll 0) = 0, to rewrite the transition moment between the excited states 1Ai) and IAj), (AjIMIAj), as the expectation value of the commutators of the operators O~i' M, and O~j"
where the double commutator is defined as [B, ell. (9) Equation (8) is an off-diagonal matrix element of the operator M -(OIMIO). The diagonal elements of this operator, e.g., (AjIMIAj)-(OIMIO), are the changes in the expectation value of any operator upon electronic excitation. The latter will be discussed in a forthcoming paper.
4 The right-hand side of Eq. (8) is evaluated in three different approximations: the Tamm-Dancoff approximation (TDA), the random phase approximation (RPA), and higher random phase approximation (HRPA). These approximations have been discussed in detail previously. 1 The advantage in going from the expectation value of the direct product of the operators O~i' M, and 0;) to the expectation value of the double commutator of Eq. (8) is due to the observation that the double commutator is a simpler operator, and hence its expectation value is less sensitive to the details of the ground state wavefunction. 5 We will use these three approximations to calculate the excited state-excited state transition moments. With little more effort than is involved in calculating excitation energies and ground state-excited state transition moments excited state-excited state transition moments can be determined by use of Eq. (8).
III. RESULTS
The ground state electron configuration of N z is (la .. )2 x (lau)2(2aKf (2au)2(l7ru)4( 
a:: and w l~u states is (1CT, .f(1CT u ) 11T,.) and that of B Sill and a lIl,. state is
In a previous paper 6 we reported the excitation energies and dipole transition moments from the ground state to these excited states at several internuclear distances. The basis set consists of a valence [ 4s3p 1 basis contracted from a (9s5P) set of primitive Gaussian functions plus two diffuse d1f and pa functions at the center of the molecule. This basis set and other details are given in Ref. 6 . We now use the transition densities and other results of these calculations to calculate the absolute value of the transition moments between the excited states of N 2 • Tables I and II give these transition moments for the triplet-triplet and singlet-singlet transitions, respectively. The results should be immediately useful in constructing the line strengths of these electronic transitions. For some transitions a linear approximation to the variation of the transition moment with R is adequate over this range of internuclear distances. If adequate vibrational wavefunctions for these states are calculated, some interesting tests of the R-centroid approximation can be made. 7
From A detailed comparison with experimental results is somewhat difficult. In extracting the transition moment from an analysis of band intensities the variation of the transition moment is usually expressed in terms of the R-centroid variable. 10 The results in this paper along with reliable vibrational wave functions should be used in the analysis of the observed band intensities. In fact, the present results should simplify the analysis of such intensities. We do note that our calculated transition moment of 0.27 a. u. at R = 1. 2 A for the B 3 Il,.
-A 3~: transition agrees well with the value of about 0.31 a. u. determined from experimental intensities. 10.11 IV. CONCLUSIONS We have used a recently proposed many-body theorythe equations of motion method-to calculate the transi-tion moments between many of the excited states of N z . These transition moments are obtained as a function of internuclear distances from 0.90 to 1.40 A. Along with reliable vibrational wavefunctions these results can be very useful in the analysis of experimental intensities and, in fact, such results could be used to test the Rcentroid approximation for a variety of transitions in N z . It is encouraging that these transition moments between excited states can be obtained with only a slight increase in the effort needed to obtain the ground to excited state transition moments.
